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Abstract
Photosensitization and Analytical Study on Reactive Oxygen Intermediates:
Self-sorting Surface Radicals and “On-off” Sensitizer Function Mechanisms

Advisor: Prof. Alexander Greer

This thesis consists of four chapters which are detailed below. Chapter 1 is an introductory
chapter, which lays out the background and purpose of the research.
Chapter 2 describes a study of the mobility of alkoxy radicals on a surface by detection of
their recombination product. A novel method called symmetrical product recombination (SRP)
utilizes an unsymmetrical peroxide that upon sensitized homolysis recombines to a symmetrical
product [R'OOR → R'O•↑ + •OR → ROOR]. This allows for self-sorting of the radical to enhance
the recombination path to a symmetrical product, which has been used to deduce surface migratory
aptitude. SPR also provides a new opportunity for mechanistic studies of interfacial radicals,
including monitoring competition between radical recombination versus surface hydrogen
abstraction. This is an approach that might work for other surface-born radicals on natural and
artificial particles.
Chapter 3 discusses how photosensitizers rarely function in both light and dark processes
as they usually have no function when the lights are turned off. We hypothesized that light and
dark mechanisms in an α-diketone will be decoupled by dihedral rotation in a conformationdependent binding process. Successful decoupling of these two functions is now shown.
Namely, anti- and syn-skewed conformations of 4,4′-dimethylbenzil promote photosensitized
alkoxy radical production, whereas the syn conformation promotes a binding shutoff reaction with
trimethyl phosphite. Less rotation of the diketone is better suited to the photosensitizing function
iv

since phosphite binding arises through the syn conformer of lower stability. The dual function seen
here with the α-diketone is generally not available to sensitizers of limited conformational
flexibility, such as porphyrins, phthalocyanines, and fullerenes.
Chapter 4 shows efforts to increase the number of triplet sensitizer sites in
superhydrophobic surfaces, which is key for increasing 1O2 output in aqueous phase oxidations.
Here, mainly theoretical work is shown with some supporting experimental work. Based on
theoretical calculations, the porous particle would provide the highest potential sensitizer
population on the superhydrophobic surface. Experimental approaches were used with chlorin e6
sensitizer adsorbed with porous milliparticles, and nonporous microparticles, and nonporous
nanoparticles to determine the weight of particles loaded onto the superhydrophobic surface.
Desorption of the sensitizer is found to be a key component.
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Chapter 1.
Introduction
1.1. Background
Reactive oxygen intermediates (ROIs, oxygen radicals and singlet oxygen) which are produced in
photooxidative processes, can be destructive in nature and detrimental to materials. While uncontrolled
ROIs can result in disaster, however, under controlled conditions ROIs can be of great use in areas such as
disinfection and synthesis. These species, including ROO∙, RO∙, OH∙, HO2∙, 1O2, and O2∙—,1-5 are produced
in complex mixtures, which complicates the study of ROIs individual primary production and downstream
mechanisms.6,7 The undefined generation events as well as the unknown downstream reactions of many
ROIs causes difficulty in the orderly application of these species. Further complication can arise from
photo-bleaching of the sensitizer required for their production.8 However, the study of specific purified
ROIs can be achieved through the use of phase separation and interfacial chemistry techniques. Here we
approach the deconvolution of ROI reactions, in order to study photosensitized peroxides and their resultant
alkoxy radicals. Such elucidation will help to control the oxidation of natural and synthetic molecules,
reduce toxicity to organisms and damage to materials, and develop new methods for disinfection of bacteria
and water supplies.
While a great deal of photooxidation research has been performed to elucidate the primary processes
which occur upon light exposure and the initial photooxidative products, only a small number of studies
have focused on secondary processes which occur post the production of the initial products which have
shown to be of proportional consequence.9-13 For example, primary reactions often lead to peroxides, which
in secondary reactions can homolyze their O–O bonds and form alkoxy radicals. Some literature has shown
that the secondary products of primarily formed peroxides can highly detrimental to organisms. 14-18 Thus,
studying the reactions of primarily formed peroxides provides important new information on the outcomes
of multistage oxidative events. The research described here was on new techniques in the study of sensitized

1

photolysis of peroxides and the subsequent radical reactions. We report some of the first studies on
heterogeneous surfaces with selective ROI type and quantity to help deduce the mechanisms.

1.2. Purpose of Research
We have developed two and three phase devices for phase-separated photosensitization methods to
selectively produce individual ROIs. Methods which utilize our three phase device, such as the sandwich
device we developed for the study of singlet oxygen,19 permit us to examine specific ROI mechanisms.
Interfacial phase separation has allowed us to address the important topics of post-illumination migration
of alkoxy radicals on surfaces, in a newly developed technique described in chapter 2, and dual functioning
photosensitizers binding to shut off ROI production described in chapter 3. These results have multiple
potential applications, such as in synthesis, photochemistry, device development, facile materials and
plastics photodegradation, and enhanced PDT. The further development of our three phase devices is still
ongoing, and some potential means of enhancing these techniques is discussed in chapter 4.
The study of surface radicals has been a large component in the study of particulate matter in air
pollution. Particularly, the long lives measured for many radicals on the particles’ surface.20-31 The current
methods of detecting surface radicals, those methods being electron paramagnetic resonance (EPR)
spectroscopy32-36 and 31P NMR37 in conjunction with phosphite radical traps, have limitations. Specifically,
these methods are unable to distinguish between a single molecular radical lifetime and a radical
propagation lifetime. This distinction is important in determining the specific radical mechanisms, products,
toxicity, as well as potential methods of damage prevention. Thus, we developed the symmetrical product
upon recombination (SPR) method, discussed in chapter 2, to further the study of specific radical
mechanisms on particle surfaces. The SPR method study discussed in chapter 2 studies peroxides and their
resultant alkoxy radicals, both of which can be destructive when produced in natural photooxidative events.
The development of the SPR method is important to the further study and reduction of ROIs damage to
materials and toxicity to organisms.
2

While the uncontrolled production of ROIs can be harmful, ROIs can also be well utilized when
produced in a controlled manner. ROIs can be used for disinfection, as well as in therapeutics such as
photodynamic therapy (PDT). Some dual action approaches have arisen in the field of PDT. Those being
theranostics, and approach which combines therapy and diagnostics, often accomplishing both through the
use of a single compound, and combination chemotherapy and PDT methods accomplished with the use of
multiple compounds to increase resultant killing. In chapter 3 we explore the potential of diketones to
develop a new class of light-dark dual action compounds, which combine photosensitized ROI production
and drug like binding in a single compound.
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Chapter 2.
Surface-radical Mobility Test by Self-sorted Recombination:
Symmetrical Product upon Recombination (SPR)

2.0. Introduction
Nanoparticle surfaces can have advantages over homogeneous solution for the control of radical
reactions. For example, surfaces may be tuned to selective reactions by controlling radical mobility.
However, mechanistic studies on surface-bound radicals, such as alkoxy radicals, are still challenging.
While such information is typically sought with EPR trapping1-4 and 31P NMR spectroscopy,5 the goal to
expand on methods to measure radical migratory aptitude is a needed area of research. Here, we report a
symmetrical product recombination (SPR) method that allows the determination of alkoxy radical surface
mobility by a symmetrical product from an unsymmetrical substrate [R'OOR → R'O• + •OR → ROOR]
(Figure 1). This approach is demonstrated here for alkoxy radicals, but might also work for other radicals.
Radicals can form on artificial6-8 and natural surfaces.9-11 Some environmental reactions take place
with particulate formation of persistent radicals.12-15 Thus, developing a trapping system that can assess
surface migration is desirable.
Researchers have developed various methods for monitoring of radical reactions on surfaces. One
method is EPR spectroscopy16 by analyzing the hyperfine tensor for the interaction between the radical and
surrounding magnetic nuclei. A second approach is theoretical, for example a H3Si• diffusion activation
barrier on silicon was found to be 3.7 kcal/mol by DFT and MD simulations.17 A third approach is the use
of 31P NMR spectroscopy with phosphite traps5,18 due to their oxophilicity to trap alkoxy radicals. In the
third approach, alkoxy radicals on silica nanoparticles were trapped by phosphites to form phosphates. In
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the present article, the SPR method can help to advance the field to deduce the migratory aptitude of radicals
on a particle surface.
We now report on a new concept for generating a scrambled product that probes the lateral diffusion
of alkoxy radicals on a silica nanoparticle. A photoexcited 4,4ꞌ-dimethylbenzil sensitizer 1 is used to
homolyze an unsymmetrical peroxide 2 (Figure 2). The resulting homolysis leads to alkoxy radicals that
can recombine to a symmetrical peroxide 3. We find that the symmetrical product 3 formation depends on
the loading quantity of substrate 2 that is used. We find that radical migration distance reaches a maximum
of 2.9 nm on the nanoparticle surface, suggesting the usefulness of this approach for surface diffusion
studies of alkoxy radicals. A self-sorting preference is also predicted by DFT calculations and mathematical
deductions.
The SPR approach fulfills two functions in this nanoparticle reaction. First, it ensures migration of
a molecular radical. This enables assessment of the radical ability to translocate on the surface, rather than
propagate as in L• (location 1) + LH (location 2) → LH (location 1) + L• (location 2), as is needed to assess
migration patterns of molecular radicals. Second, the chain termination of radicals provides a way to
promote signal intensity within a symmetrical compound by 1H NMR spectroscopy, as used to advantage
in structure determination of natural products bearing molecular bilateral symmetry. 19,20 Furthermore, the
SPR approach is a novel peroxide scrambling strategy that provides insight to both the translation and
volatility of radicals.
A mechanism is proposed in Figure 2, in which photosensitization triggers the unsymmetrical
peroxide 2 to homolyze, with the higher molecular weight PhC(Me)2O• radical of the pair remains adsorbed,
and thus generating a symmetrical peroxide 3 to monitor. This supports a mechanistic hypothesis that
radical recombination is detected from PhC(Me)2O• radical pairing on the nanoparticle surface. Further, it
shows that the product signal is symmetry increased for 1H NMR spectroscopy, and not obscured by chain
propagation products, as is often seen in homogeneous solution. The SPR method that we developed can
potentially be used in combination with EPR methods for better insight into mobility and reactions of
radicals on surfaces.
8

Figure 2.1. Schematic of alkoxy radical migration on a nanoparticle [R = C(Me2)Ph; R' = Et]. The radical
production is via cumylethyl peroxide’s photosensitized O–O homolysis, including alkoxy radical
migration, and formation of a symmetrical ROOR product. Symmetrical ROOR product formation is
favored, whereas chain propagation processes, for example H-atom transfer are disfavored.
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Figure 2.2. Proposed paths for the photosensitized homolysis of cumylethyl peroxide 2 at the
gas/nanoparticle interface. Concentrations of alkoxy radicals forming a symmetrical peroxide product 3
increase at the air/solid interface as EtO• and CH3• fragments volatilize away from the surface. A two-phase
sensitized photolysis of a lighter peroxide, which induces this combination of heavier alkoxy radicals to
provide mechanistic details to radical mobility on a surface. An additional scheme with structure drawings
is shown in Figure 2.4.

2.1. Results and Discussion
2.1.1. Products of the Reaction. Nanoparticles co-adsorbed with 4,4′-dimethylbenzil (sensitizer
1) and cumylethyl peroxide 2 were irradiated with (280 < λ < 700 nm) light in a N2-degassed glass vessel.
Five products were detected in the photoreaction (Table 2.1). The products were dicumyl peroxide 3, cumyl
alcohol 4, and acetophenone 5, as detected upon desorbing products from the particle surface. Ethanal 6
and methane 7 can be detected when analyzing the headspace or in a solution-phase photoreaction
containing dissolved sensitizer 1 and cumylethyl peroxide 2. Diethyl peroxide 8 was not detected with our
HPLC and 1H NMR analyses. Reversible dimerization from primary products 3 and 8 does not yield 2 in
10

high yields, apparently because the EtO• is sufficiently volatile to disconnect from the surface. The reaction
allows for a radical mobility test because it forms the bilaterally symmetrical dicumyl peroxide 3 from
recombination of cumyloxy radicals. This is somewhat reminiscent to bilaterally symmetric 1,2-di-ptolylethane and 1,2-bis(4-methoxyphenyl)ethane from the radical combination of p-xylene radical and 1methoxy-4-methylbenzene radical, respectively, in the photolysis of silica-adsorbed l-(4-methylphenyl)-3(4-methoxyphenyl)-2-propanone.21

Table 2.1. Product distribution (%) for the sensitized homolysis of cumylethyl peroxide 2 that generates
oxygen- and carbon-centered radicals and stable products.a
relative yields b,c
condition B d

conditions A
peroxide 2
entry

adsorbed

dicumyl

cumyl

acetophenone

ethanal

methane

peroxide 3

alcohol 4

5

6

7

(µmol/g)

a

1

108

25.2±0.5

12.7±0.1

12.4±0.02

12.4

37.3

2

53.2

18.2±1.0

14.9±0.1

13.8±0.1

13.3

39.8

3

27.1

11.8±0.8

15.9±0.2

15.3±0.2

14.6

43.7

4

13.4

9.8±0.6

14.9±0.4

17.6±1.3

14.4

43.2

5

6.78

4.0±2.4

13.2±1.6

16.7±0.7

16.5

49.6

Selective irradiation of 4,4ꞌ-dimethylbenzil sensitizer 1 (330 µmol/g silica) with (280 < λ < 700 nm) light

was carried out in the presence of cumylethyl peroxide 2 co-adsorbed on particles.

b

Relative yields

determined by HPLC or 1H NMR and were based on their integrated peak areas without the use of an
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external standard. Relative yields of product at the air/solid interface relative to solution-phase conditions.
c

Condition A: air/solid interface; condition B: homogeneous photoreaction of sensitizer 1 (0.01 mM) and

peroxide 2 (0.1 mM) in acetonitrile-d3 irradiated in an NMR tube. d The experimental error in condition B
is ±5%.

2.1.2. Radical Mobility Test. Here, sensitizer 1 was used to homolyze 2, where we use radical
recombination to symmetrical product 3 was used as a test for radical mobility on the nanoparticle surface.
Eq 1 shows the calculated number of 1 or 2 molecules adsorbed on the particle surface using Avogadro’s
number (NA). Eq 2 shows the average distance between adsorbed 1 or 2 molecules. Eq 3 is used in
conjunction with eq 2 to deduce the radical migration distance upon recombination to symmetrical 3,
estimating the shape of cumyloxy radical as a rectangle (0.71 nm × 0.43 nm) sitting parallel to the particle
surface. Eq 4 shows the calculation for the percent particle coverage of 1 or 2. Cumyloxy radicals were
generated and recombined to 3 in amounts ranging from a high of 25.2% to a low of 4.0% yield (Table 2.1,
entries 1 and 5). This led to the calculated surface migration distance of cumyloxy radical on the
nanoparticle of 0.27 nm up to a maximum of 2.9 nm (Figure 2.3). The selectivity is not caused by heating
of the reaction. The nanoparticle photoreactions were carried out at 26 °C. During the photolysis, the
particles increased in temperature by ~10 °C, where this rise is insufficient to cause the thermolysis of 2 or
3, based on control reactions, where thermolysis temperatures of 130 °C would have been required.22 A
weaker peroxide, benzoyl peroxide, requires heating above 80 °C to split into benzoyl radicals, which in
turn form phenyl radicals and CO2.23 Next, we compute the difference in O−O bond strength of 2 relative
to 3 to help rationalize selectivity for the high yields of the product 3.

molecules of 1 or 2 = moles of 1 or 2 × 𝑁𝐴 ………………………………………………….………….(2.1)
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molecule to molecule distance (nm) = √

particle surface area (nm2 /g)
molecules of 𝟏 or 𝟐

…………...……………..…….(2.2)

radical migration distance (nm) =

𝟑−to−𝟑 distance(nm)
−
2

percent particle coverage of 1 or 2 =

moles of 𝟏 or 𝟐/g
…………….................…………...……..….(2.4)
SiOH groups (moles)⁄g

𝟑 length (nm)…………..……….…….…(2.3)

dicumyl peroxide 3 produced (µmol/g)

2.5

2

1.5

1

0.5

0
0
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2.5

3

cumyloxy radical migration distance (nm)
Figure 2.3. Correlation of dicumyl peroxide 3 with cumyloxy radical migration distance on the
nanoparticles that arose by the sensitized homolysis of 2.

2.1.3. Radical “Self-Sorting”. Unrestricted M06-2X/6-31G(d,p) calculations are used to
help explain the selective formation of the O–O bond in dicumyl peroxide 3. The DFT method
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employed here is found to reproduce experimental O–O bond dissociation energies of organic
peroxides.24 Our DFT study was designed to assess the geometries and bonding based on the
influence the PhC(Me)2 and Et groups impart on peroxides 2, 3, and 8 , and radicals PhC(Me)2O•
and EtO•, and also rationalize possible interfacial effects.
Peroxides 2, 3, and 8, and their corresponding alkoxy radicals PhC(Me)2O• and EtO•
optimized to minima. The calculated torsion angle  (C–O–O–C) of 3 is increased (178.0°) when
compared to 2 (124.8°) and 8 (109.9°). As the size of the substituent of the peroxide increases (8
< 2 < 3), then rotation about this torsion  energy is increased, as we will see. To explore the
energy associated with rotation around the  torsion angle, minima and transition structures (TS)
were located on the potential energy surface. Rotation around the  torsion angle among gauche
and anti geometries changed the energy by 3.5 kcal/mol (for 3), whereas it only changed by 0.63
kcal/mol (for 2), and 0.43 kcal/mol (for 8). The larger PhC(Me)2 substituent at the O−O bond
increases the activation barrier that yields full rotation. Rotating the  torsion angle where they
adopt a syn TS geometry was large 28.0 kcal/mol for 3 (due to destabilizing PhC(Me)2/PhC(Me)2
interactions, whereas the TS is 19.3 kcal/mol for 2 (due to modestly destabilizing PhC(Me)2/Et
interactions), and even less at 11.2 kcal/mol for the TS of 8 (due to less destabilizing Et/Et
interactions). The substituent effects that influence the structures can also influence the bond
energies.
Thus, next we investigated the energetics for O–O bond homolysis. The O–O bond in
peroxides is weak due in part to electronic repulsion of lone pairs on the adjacent oxygen atoms.
The π MO is strong between the two oxygen atoms, and the antibonding π* is destabilizing.
Endothermicity increases for 3 (due to a stronger O–O) than in 2 and 8. The endothermicity of 3
relative to 2 PhC(Me)2O• (39.2 kcal/mol) is greater than PhC(Me)2OOEt 2 relative to PhC(Me)2O•
14

and EtO• (37.4 kcal/mol), and EtOOEt 8 relative to 2 EtO• (37.6 kcal/mol). The presence of
electron delocalization of 3 may explain its greater stability that peroxides 2 and 8 with one or two
ethyl groups. Literature noted that substituting the R group Et for Ph (slight electron withdrawing
group)25 in Me3CO–OC(Me)2R leads to a 0.1 kcal/mol stabilization of the peroxide bond.26
Similarly, substituting the R group Et for CF3 (the latter is a strong EWG) in RO–OR leads to a
15.9 kcal/mol stabilization of the peroxide bond.26,27 Also, substituting the p-X-substituent (X =
MeO for X = NO2) in p-X-C6H4-C(Me)2O–OCMe3 leads to a 0.4 kcal/mol stabilization of the
peroxide bond.26 Further details underlying the stabilities of peroxides has been recently
rationalized in detail.28
The above computed data suggests self-sorting capacity in higher thermal O–O bond
energy in 3 than 2 or 8, is complementary to volatility in terms of binding affinity and selective
binding. Namely, dicumyl peroxide 3 is adsorbed more tightly to the particle surface than 2 and 8
due to its two phenyl rings. Our computed show the formation of a OH∙∙∙π bond between
(HO)3SiOH and benzene in the gas phase is 6.0 kcal/mol, and has a perpendicular orientation to
the plane of the aromatic ring, at the point of plane interaction by a lengthened O–H bond. The
DFT prediction is that the phenyls of PhC(Me)2O•, 2 and 3, are bonded in a -hydrogen bond to
the surface SiOH groups, has been confirmed experimentally for naphthacene.29 This is known to
be stabilizing with a decreased HOMO-LUMO energy gap and an increased dipole moment. These
-hydrogen bonds are often comparable in strength to conventional H-bonding.30 Our DFT results
indicate that the EtO• is weakly bonded to the SiOH group. We suggest that the SiOH∙∙∙π(aromatic
ring) hydrogen bonding will increase the adsorption energy, that along with the increased
molecular weight underlie the lower volatilization of PhC(Me)2O• compared to EtO•, thereby
facilitating self-sorting to reach 3. The RO• •OR binding process was shown to be barrierless,
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while the desorptive volatility process has a barrier of ~2 kcal/mol for low molecular weight
compounds. But what about to the competition with H abstraction?

a. Peroxide adsorbed on a
silica surface

b. Peroxide homolysis
and radical formation

c. Radical migration and
recombination

Figure 2.4. Illustration of the photosensitized reaction. (a) Peroxide 2 and sensitizer 1 are
adsorbed to the nanoparticle surface (the latter not depicted). (b) The photosensitized homolysis
of 2 at the O–O bond leads to cumyloxy and ethoxy radicals (the latter volatilizes). (c) The
cumyloxy radicals are retained on the surface and migrate prior to recombination to dicumyl
peroxide 3. The brown squares are representing places of former cumyloxy radical residence prior
to migration. This cumyloxy radical migration distance is estimated by the percent yield of dicumyl
peroxide 3.

2.1.4. Radical H-atom Abstraction. The radicals can abstract from the SiOH groups or
adsorbed water on the nanoparticle surface. Here, we draw on a relationship between
electronegativity of radicals and whether they abstract H or dimerize, a concept borrowed in a
16

different vein to the context of H-abstraction versus alkene addition.33-36 Table 2.2 shows that the
electronegativity can be used to assess the paths of radicals as measured by calculation of (IP +
EA)/2. PhC(Me)2O• and (MeO)3SiO• are relatively electropositive radicals that are expected to Habstract. On the other hand, as the electronegativity of EtO• and Me• increases, the H-abstraction
ability is predicted to decrease, where their higher volatility must also play a major role in their
fate.
As the electronegativity of EtO• is greater than that of PhC(Me)2O•, it follows that H abstraction is
observed experimentally in the latter, but not former. This can be compared to the literature,37 where more
electronegative t-BuO• favors H abstraction compared to MeO•. In our series, the less electronegative
radical, EtO•, does not give recombination or abstraction, but instead only loss of Me•. Demethylation can
be accomplished by alkoxy radical structures bearing flanking methyl groups. A previous report with M062X calculations also showed that methyl radical elimination is the main dissociation mechanism for
peroxides after O−O bond cleavage.38 The Me• proceeds by H abstraction to form CH4. We find that
PhC(Me)2O• abstracts a hydrogen from SiOH on the particle surface. A secondary reaction between SiO•
and PhC(Me)2O• to form SiOOC(Me)2Ph is possible, but was not discerned. EtO• and Me• are noted, as
our trapping does not address the problem of direct detection that follows the radicals themselves on and
off the surface. We assumed a facile volatility and transit off of the surface, where CH 4 increase in the
surrounding medium over time. Adsorption of EtO• is lower than PhC(Me)2O• or else there would have
been dimerization to reach 8, which is not observed.
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Table 2.2. Radical ionization potential (IP), electron affinity (EA), and H-abstraction
electronegativity
radical

H-abstraction

comment

(IP + EA)/2 (eV)
PhC(Me)2O

4.49

observed
only H-loss



5.72

EtO

not observed
observed

Me

5.65

a

(HO)3SiO

observed
more H-

predicted greater

abstraction than

than Et and less

,

EtO but less

5.08

than

than
PhC(Me)2O
a

PhC(Me)2O

Model for surface siloxy radical.

A comparison of the DFT calculated energy difference between alkoxy radicals and corresponding
siloxy radical species is instructive. The calculated energy difference between H-bonding of alkoxy radical
and alcohol systems is shown in Figure 2.5. Notice that the RO•∙∙∙HOSi(OH)3 hydrogen bonding is stronger
by 13.7-13.9 kcal/mol compared to the ROH∙∙∙•OSi(OH)3 hydrogen bonding (cf. I and III with II and IV).
There are also similar stabilizing effects for H-bonding arrangements of EtO•∙∙∙HOSi(OH)3 (-8.4 kcal/mol)
and PhC(Me)2O•∙∙∙HOSi(OH)3 (-10.3 kcal/mol) compared to their separated species, respectively.
Although, the PhC(Me)2O• forms a slightly more stable H-bond than EtO• with HOSi(OH)3. The related H
atom transfer of surface SiOH groups, are similarly expected not to proceed at any significant rate.
From a hydrogen bonding point of view, cumyloxy radical is a candidate for both
SiOH∙∙∙(π)PhC(Me)2O• and PhC(Me)2O•∙∙∙HOSi hydrogen bonding. As has been reported, silanol groups
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or silanols occupied with water can bind to naphthalene by π∙∙∙HOSi bonding.29 Similarly, alkoxy radicals
can form a weak RO•∙∙∙HOR hydrogen bond to alcohols, although the activation energy for H-atom transfer
is high,39-41 which is consistent with our DFT results.
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Figure 2.5. Calculated energy difference between H-bonded isomers.
Similar to the H-abstraction analysis in Figure 2.5 and Table 2.2, the reactions were analyzed with
mathematical deductions on the particle surface. What we deduce. next is a facet inhibiting radical
recombination to form the symmetrical product 3, where radicals can abstract an H atom from the SiOH
group (or adsorbed water) on the particle surface. Eq 2.5 shows the calculated number of silanol groups per
gram using the known surface area (200 m2/g) and the known 4 SiOH/nm2 of silica. Eq 2.6 uses Avogadro’s
number (NA) in the conversion of the number of silanol groups per gram of silica found using eq 2.4 to
moles of silanol per gram. The presence of SiOH groups attenuates cumyloxy radical migration due to Habstraction reactivity, as we will see next.
SiOH groups per gram particle = surface area (m2/g)  (silanol groups present/m2)…………….....(2.5)

SiOH groups (moles)/g particle=

number of SiOH groups/g particle
…………………….......................(2.6)
𝑁𝐴
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Figure 2.6 shows that cumyloxy radical can bypass ~2-3 SiOH groups before H-abstraction
becomes competitive. After the 2-3 SiOH groups, there is a shift toward a more equally balanced formation
of the cumyloxy radical recombination and H abstraction processes. Finally, with more than 3 SiOH
encounters, now there is a shift toward the H abstraction reaction being formed. The maximum number of
SiOH groups that the cumyloxy radical encounters over a given distance is shown in eq 2.7. Eq 2.7 shows
that the radical length is taken as 0.66 nm. These calculations would allow for the smallest SiOH value to
be 1 as the estimated area of the radical would be 0.28 nm2, and estimating how many SiOH are in this area
would be 0.28 nm2 × 4 SiOH per nm2 = 0.76  1 SiOH in the radical area. Table 3.1 shows the yield of
cumyl alcohol 4 in the photoreaction. The H-abstraction route to cumyl alcohol 4 was competitive to radical
recombination to 3 at high loadings of 2. Surface SiOH groups to propagate silicate-type SiO∙ radicals are
minimal or else diffusion distances would have been 0.5 nm given the distance between SiOH groups on
the surface. Lower loading of 2 was used in the photoreaction, where it seems possible that the SiOH
position is sterically hindered by the surface of the nanoparticle itself. Polymer studies have provided
information on the cumyloxy radical H-atom abstraction limited by steric hindrance imposed from methyl
substituents on secondary positions within poly(propylene) and poly(isobutylene).37
maximum SiOH groups bypassed by the cumyloxy radical =
radical migration distance × radical length × 4 SiOH per nm2…………………..(2.7)
We find a relationship between migration distance of cumyloxy radical and its tendency to dimerize
or abstract a hydrogen atom from the surface. Cumyloxy radical gives recombination in a 2:1 preference to
abstraction at high loading of 2 (entry 1). On the other hand, when the loading of 2 decreases (entry 5), H
abstraction is observed in an elevated 3.3:1 preference over recombination. These ratios are measured by
the relative yields of 3 and 4. The acetophenone 5 product is also observed by cumyloxy radical’s loss of
Me•. The products from volatile radicals Me• and EtO• were difficult to quantitate. Me• can abstract a Hatom and be detected as CH4; EtO• loses an H-atom and is detected as CH3CHO. Despite their volatility,
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detection in a solution-phase reaction (condition B) was more accessible than in the headspace of an
air/particle reaction (condition A), as seen in Table 2.1.
The cumyloxy radical migration on a silica surface is rationalized because or relatively low Hbonding strength to the surface. For example, the experimental diffusional activation energy was reported
to be 1.9 kcal/mol for 2,2,6,6-tetramethylpiperidine-l-oxyl radical from hydrogen bonding to the surface
SiOH.42 In passing, we also mention a report on longitudinal-field muon spin relaxation showing a diffusion

dicumyl peroxide 3/cumyl alcohol 4

activation energy to be 2.6 kcal/mol for •CCl2CH3 radical due to association to the surface SiOH.43

2

1.5

1

0.5

0
0

2

4

6

8

maximum number of SiOH bypassed

Figure 2.6. Maximum number of SiOH bypassed by the cumyloxy radical as it migrates linearly on the
particle surface as deduced by the formation of recombination (3) and abstraction (4) products. The Y-axis
represents a measure of recombination (3 formation) vs H-abstraction (4 formation).
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2.1.5. Mechanism. Upon irradiation where it excited, nanoparticle-adsorbed 1 transfers energy to
the O−O bond of 2 resulting in its homolysis. Our previous work5 suggested this to be a Dexter (triplet)
energy transfer process. In the present work, we found that (i) the higher percent the nanoparticle was
loaded with 2, a greater amount of 3 was formed selectively by radical recombination. (ii) Cumyloxy
radical migration distance extended as far as 2.9 nm as measured by its recombination, (iii) HPLC (Figure
2.7) and 1H NMR (Figure 2.8) enable the SPR approach, with the latter detection improved due to the
symmetry of product 3 (detection limit, 0.12 mM). The percent coverage of peroxide 3 of the nanoparticle
surface was 0.87-13.8%, which compares favorably to De Mayo and co-worker’s radical combination to
symmetrical products requiring 10-50% coverage of l-(4-methylphenyl)-3-(4-methoxyphenyl)-2propanone.44,45 (iv) The results from DFT calculations provide evidence that the O–O bond energy in
symmetrical 3 is increased by 1.8 kcal/mol upon exchange with unsymmetrical 2, which contributes to
enriching to dimerize PhC(Me)2O• to 3 on the particle surface. (v) The reaction disfavors the formation of
SiO• surface radicals due to endothermicity of 17.0-18.2 kcal/mol based on DFT calculations. The Hatom loss of EtO• to reach 6 and H-atom gain of Me• to reach 4 may occur on the surface or in the gas
phase. Yet under higher energy conditions, SiO• has been detected by 60Co  irradiation of SiOH46,47 and
by •OH reactions.48 (vi) The cumyloxy radical recombination increased relative to cumyl alcohol
formation by surface H-atom transfer when bypassing <3 SiOH groups, otherwise cumyl alcohol
formation is competitive. Reduction of radical migration would be expected on a surface with greater
concentration of silanol groups, e.g., on zeosil silica.46
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Figure 2.7. HPLC trace of compounds formed by the photosensitized homolysis of cumylethyl peroxide 2
at the gas/nanoparticle interface. The compounds were desorbed with acetonitrile and acquired with 80%
(v/v) MeOH/H2O as the mobile phase. The photosensitizer 4,4-dimethylbenzil 1 and cumylethyl peroxide
2 eluted at tR = 8.7 min and 9.2 min, respectively. Products were assigned to dicumyl peroxide 3 (tR = 30.9
min), cumyl alcohol 4 (tR = 4.2 min), acetophenone 5 (tR = 11.7), and α-methylstyrene (tR = 14.3 min). The
peak identities were deduced by spiking of the sample with known compounds.
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Figure 2.8. Intensity of methyl peaks of dicumyl peroxide 3 (upper line) and cumene hydroperoxide (lower
line) in 1H NMR is plotted against concentration.
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In summary, the SPR strategy is simple, it capitalizes on the retention of the heavier cumyloxy
radical than the lighter volatile radicals to facilitate self-sorting and thus the formation of the symmetrical
product 3. The SPR method described here is appropriate for the detection of a radical migration up to 2.9
nm in the present case. There is increased migration of cumyloxy radical at lower loadings of 2 compared
to higher loadings. But there are competitive paths due to higher loading of 2, one is SiOH H-abstraction
to form cumyl alcohol 4. With a higher O−O bond energy and lower volatility, product 3 enriches itself
since reagent 2 generates the more labile EtO• and Me• upon sensitized decomposition. Over extended
photolysis times Me• formation increases by PhC(Me)2O• demethylation, which attenuates the SPR
assessment, as there is less of the alkoxy radical to dimerize to symmetrical product 3.

2.2. Conclusion
The SPR method that quantifies radical surface migration will have limitations. It requires
detectable recombination product quantities by HPLC and 1H NMR. Despite the limitation, our findings
provide a new approach important to radical migration on nanoparticles. Our conclusion is that SPR is
appropriate for radical migration studies on particle surfaces, suggesting possibilities to this methodology
might work on other radicals, such as free radicals on airborne fine particulate matter.

While there is value for research in control over surface radical delivery and persistence,
especially when radical persistence is detected in airborne particulate matter, the question is what
technology can be developed to make inroads. Current EPR methods detect surface radicals, where
differentiating between radical propagation versus migration presents challenges. Furthermore,
mechanistic understanding of radicals at the air/solid interface lags well behind that of radical
reactions in homogeneous solution.
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Future mechanistic efforts are needed for analyzing the properties of radicals at interfaces. Particle
designs could include (i) use of a particle system with variable tumbling rates to enhance surface radical
diffusion and facilitate transiting off of volatile radicals. (ii) An alkoxy radical surface migration system
can be studied based on surface silanols with increasing water content to assess effects on the radical
migration distance.49-52 (iii) A complementary SPR/EPR method can be developed for product distribution
by radical recombination, and assist in distinguishing between stationary and migratory surface radicals.
(iv) Radical migration on surfaces by mass spectrometry can be investigated to homolyze R 18O18OR and
R16O16OR for recombination to R18O16OR peroxides (Figure 2.9), which is reminiscent of isotope-sorting
recombination that has been achieved.53,54

Figure 2.9. A schematic of our air/solid heterogeneous system with a dispersion of R18O18OR and
R16O16OR peroxides on a nanoparticle. Upon irradiation, the resulting mixed peroxides R18O16OR will
provide indirect evidence of surface alkoxy radical migration.

2.3. Experimental
2.3.1. General. Acetophenone, cumene hydroperoxide, cumyl alcohol, 4,4-dimethylbenzil 1, and
dicumyl peroxide 3 were purchased from Sigma Aldrich and used as received. Acetonitrile, acetonitrile-d3,
chloroform-d, dichloromethane, methanol, and HPLC grade water were purchased from VWR and used as
25

received. Cumylethyl peroxide 2 was synthesized in 74% yield and 82% purity by a literature procedure.5
1

H NMR data were collected on a Brucker Avance 400 MHz instrument. HPLC data were collected on an

Agilent Technology instrument (column: ZORBAX Eclipse XDB-C18).
2.3.2. Sample Preparation. Unfunctionalized hydrophilic fumed silica nanoparticles (200-300 nm
diameter, 200 ± 25 m2/g surface area) were purchased from Sigma Aldrich and washed in a Soxhlet
extractor with dichloromethane and methanol prior to use. The nanoparticles were then dried in a furnace
at 110 °C for 24 h. 4,4-Dimethylbenzil 1 and cumylethyl peroxide 2 were co-adsorbed onto the
nanoparticles in a manner similar to that described previously.5,55 The 4,4′-dimethylbenzil 1 (330 µmol) and
cumylethyl peroxide 2 (amounts ranging from a high of 108 µmol to a low of 6.8 µmol) were dissolved in
5 mL dichloromethane and stirred with 1.0 g of nanoparticles for 30 min in a 25-mL Teflon bottle. The
dichloromethane was then evaporated by use of a vacuum leaving the reagents adsorbed, assumed to be
uniformly distributed on the nanoparticles. This equated to percent loading of adsorbed sensitizer 1 and
peroxide 2 in the amounts of 25% and 0.87-13.8%, respectively. Notice that the surface was loaded with
high sensitizer to low peroxide ratios, that is, sensitizer-to-peroxide loading ratios ranging from 3:1 up to
49:1, which is an uncommon practice, although the photophysics of high dye concentrations have been
reported.56 These ratios of sensitizer-to-substrate were high for the photosensitized homolysis of 2, and is
purposely dissimilar to most literature on sensitization reactions that use very low sensitizer quantities. 57
This permitted use to maintain an optimal sensitizer-peroxide distance of 7 Å for the triplet sensitized
homolysis (Figure 2.10), as we had previously established.55 Close intermolecular distances afford high
yields of triplet-sensitized O−O homolysis of peroxides. Another paper has been published on such a
reaction.59
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Figure 2.10. Illustration of a grid depicting compound loading on the nanoparticle surface: (a) zoomed-out
view, and (b) zoomed-in view. Sensitizer molecules (1) are depicted as black squares, and the peroxide
molecules (2) are depicted as red squares, green squares, and white squares: Red squares depict a ratio of
1:2 of 3:1, green squares depict a ratio of 1:2 of 12:1, and white squares depict a ratio of 1:2 of 49:1. There
are few white squares because it represents the lowest amount of peroxide on the surface. Sensitizer-tosensitizer distances are shown as black squares and range in distances from 1.0 to 1.4 nm. Peroxide
molecules (e.g., two red squares) show distances relative four closest sensitizer molecules, which tend to
fall within the range of ~0.7 nm, as was found to be the ideal distance for triplet energy transfer from the
excited sensitizer to the repulsive O–O orbital of peroxide 2. All distances displayed are center to center as
shown with white lines connecting white dots.

2.3.3. Photosensitization reactions were carried out using a 5-mL airtight vial. The nanoparticles
were tumbled by a stirring paddle during the irradiation, where samples were placed at a distance of ~10
cm midpoint between two 400-W metal halide lamps delivering light (280 < λ < 700 nm). The fluence rate
at a mid-point in between the bulbs was 21.8 ± 2.4 mW/cm2.58 Upon irradiation, the temperature of the
particles was found to rise by ~10 °C, as we had detected in a similar system previously.5 This was measured
by a thermos couple probe attached to an IR thermometer, as is discussed in the temperature study section.
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After photolysis, compounds were desorbed from the nanoparticle surface by stirring with 2-mL acetonitrile
for 20 min. Particles in the acetonitrile were removed passing through a syringe filter. Acetonitrile was then
completely evaporated and the residue analyzed by HPLC (C-18 reverse phase column, 80% MeOH-H2O
v/v mobile phase, 1-mL/min flow rate) and 1H NMR (with acetonitrile-d3). Even with modest peroxide 2
surface loadings of 0.9-13.8%, and ~15% conversion of the reaction, dicumyl peroxide product 3 was
readily detected by HPLC and 1H NMR. To analyze the volatile products released off the silica surface after
photolysis, head space analysis of 1-mL gas was drawn up in a glass syringe and slowly bubbled into
chloroform-d and analyzed by 1H NMR. For the homogeneous photoreactions, sensitizer 1 (0.01 mM) and
peroxide 2 (0.1 mM) in acetonitrile-d3 were irradiated in an NMR tube for 1 h using the 400-W metal halide
lamp system.
2.3.4. Theoretical Section. DFT calculations were carried out to analyze structural aspects and
reactions of peroxides 2-4, and alkoxy radicals PhC(Me)2O• and EtO•. We used M06-2X along with Pople’s
6-31G(d,p) basis set. The quality of the energetics was reasonable in comparison to M06-2X calculations
with the use of larger basis sets.24 The TS structures were verified with frequency calculations, and by
tracing their internal reaction coordinates (IRC). The endothermicity of peroxides 2-4 relative to their
corresponding alkoxy radicals was computed by comparing optimized energies of the former to the latter
as radical pairs separated by a distance of 3.0 Å. π∙∙∙HO and O•∙∙∙HO hydrogen bonding of PhC(Me)2O•,
EtO•, PhC(Me)2OH, EtOH, or C6H6 with silanol or silanoxy sites representing the air/solid interface were
modeled with (HO)3SiOH and (HO)3SiO• in the gas phase.

2.4. Supportive Studies
2.4.1. Compound Desorption, and Detection. We further demonstrate that the recombination of
cumyloxy radicals to the symmetrical product, dicumyl peroxide 3, has improved sensitivity to detection
via an 1H NMR study. Additions of 3 to solution showed the expected 2-fold higher sensitivity compared
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to cumyl hydroperoxide at the same concentrations. This higher signal intensity of dicumyl peroxide 3 is
due to twice the number of methyl hydrogens in 3 compared to cumene hydroperoxide. The detection limit
of dicumyl peroxide 3 is 0.12 mM and for cumene hydroperoxide is 0.24 mM.

Table 2.3. Details of sensitizer 1 and peroxide 2 adsorption to nanoparticles, and other data

cumylethyl
peroxide 2

peroxide 2–
peroxide 2
distance

maximum
cumyloxy
radical
migration
distancea
(nm)

maximum
number of
silanols
bypassed by
cumyloxy
radical

ratio of
dicumyl
peroxide 3
to cumyl
alcohol 4

adsorbed
(µmol/g. SiO2)

by peroxide

ratio of surface
silanols to
peroxide
molecules

1

108

13.8

12

1.7

0.27

1

1.98

2

53.2

6.8

25

2.5

0.65

2

1.22

3

27.1

3.5

49

3.5

1.2

3

0.74

4

13.4

1.7

99

5.0

1.9

5

0.66

5

6.78

0.87

196

7.0

2.9

8

0.30

entry

% surface
coverage

(nm) a

As the degree of dicumyl peroxide desorption from the silica sample is crucial to its detection a
study was performed for candidate solvents. The degree of dicumyl peroxide desorption from fumed silica
was measured in acetonitrile and toluene. It was found that dicumyl peroxide was able to fully desorb from
a 103 µmol/g silca sample in order to make a 0.1 to 0.2 mmol/L solution, adequate.
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Table 2.4. Amount dicumyl peroxide desorption in acetonitrile and toluene
Dicumyl peroxide
Sample

103 µmol/g adsorbed
Monitored at 209 nm

Solvent

Acetonitrile

Toluene

18±5%

18±6%

100±11%

40±15%

Blank
Fumed Silicaa
Peroxide Only
a

According the absorbance at the same wavelength as the adsorbates, due to impurities on the silica.

2.4.2. Attempts at Estimation of Radical Lifetime on Silica. Previous studies73,74 have
calculated the half-life of ROIs by determining their degree of decay over various distances. Here we
attempted to calculate the lifetime of the cumyloxy radical on the silica surface in a similar manner.
However, these calculations were unreliable under our method due to the increased complexity.
The typical overall rate for reactions taking place on surfaces must consider the constant for the
adsorption and desorption of the molecules from the surface, but as the adsorption of our molecules is not
a step in our reaction, but rather step in the preparation of our particles before the reaction takes place, and
desorbtion doesn’t occur until after the reaction has taken place, these constants do not need to be considered
into the rate. Rather the surface diffusivity must be considered as our molecules must diffuse across the
surface in order to react.
Therefore, when calculating the lifetime of the radicals on the surface we considered the diffusivity,
radical migration distance, and the reaction rate of the radicals to form our measured product that being the
cumyl radical termination forming dicumyl peroxide. The rate constants for the reaction were found using
the following rate law
d[dicumyl peroxide]/dt = (1/2) d[cumyl radical]/dt = kobs[cumyl radical]2 …… (5)
30

Where the surface concentration of dicumyl peroxide was experimentally measured at 2 hours or
7200 seconds, and the surface concentration of dicumyl peroxide adsorbed was 0; making the surface
concentration of dicumyl peroxide at 0 seconds (t=0) 0. The rate constant was then found by graphing
1/[cumyl radical] vs time. Where [cumyl radical] is in mol/m2 and time is in seconds.
Pseudo-first-order decay of the radical over the surface due to water molecule and surface silanols
in high concentration. However, This doesn’t consider that two cumyloxy radicals must diffuse over the
surface and meet in order to form dicumyl peroxide. Therefore, the decay of the radicals over the surface
would have to be factored in double, thus the equations from previous studies were not adequate.
The lifetime of the cumyloxy radical on a fumed silica surface was calculated via eqns 1-3.
[dicumyl peroxide]d / [dicumyl peroxide] d=0 = kobs/k(d=0) = e−(ka/2D)d^2

(2.8)

-(ln(kobs/k(d=0))/d2)2D = ka

(2.9)

1/ka = τcumyloxy radical

(2.10)

ka is the first order rate constant of the radical termination step to create dicumyl peroxide from two
cumyloxy radicals. Figure 2.11 shows a semilog plot in which the slope is taken to be equal to
ln(kobs/kobs(d=0))/d2 and was used to estimate ka and surface lifetime of the cumyloxy radical. However, as
can be seen in Figure 2.11 the semilog plot of the data does not have a linear fit. Ignoring this the following
lifetime of cumyloxy radical on the silica surface was calculated. Using the literature value of D = 5.22 ×
10−5 cm2/s for cyclohexadienyl radical on a silica surface (46), τcumyloxy radical is calculated to be 1.86 × 10−7
ms.
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Figure 2.11. A semilog plot of the observed rate of dicumyl peroxide production versus the peroxide to
peroxide distance on the silica surface. Used to calculate the ka and cumyloxy radical lifetime on the surface.
As seen the data does not have the necessary linear fit for properly computing the lifetime.

Table 2.5. Literature values for diffusion coefficients of molecules similar to cumyloxy radical in various
systems.
Solute
Solvent/Surface
Diffusion coefficient
Reference
Cyclohexane
carboxylate (anion)

Water

7.64 × 10–6 cm2 s-1

70

Phenylacetate (anion)

Water

8.15 × 10–6 cm2 s-1

70

Naphthylacetate–
(anion)

Water

7.56 × 10–6 cm2 s-1

70

Benzene

Activated Carbon
particle

1.6 × 10–7 cm2 s-1

71

Phenol

Activated Carbon
particle

4.3 × 10–8 cm2 s-1

71

β-Naphthol

Activated Carbon
particle

7.4 × 10–9 cm2 s-1

71

naphthalene

Activated Carbon
particle

7.0 × 10–9 cm2 s-1

71

cyclohexadienyl radical

Cab-o-sil

5.22 × 10–5 cm2 s-1

72
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2.4.3. Temperature Study. We have examined the surface temperature of the vial which contained
the sample during photolysis, the surface temperature of the nanoparticle samples with and without
adsorbed sensitizer, and the air temperature under the photolysis lamps, in a series of experiments with an
IR thermometer.
Vial temperature. An empty glass vial was placed on the rotating paddle between the metal halide
lamps and the base room temperature of the vial was recorded. The vial was then rotated with the lamps on
for inconsecutive periods of time. After each period of time the lamps were shut off and the temperature of
the vial was immediately recorded. The vial was permitted to cool to its base room temperature, and the
temperature was recorded, before turning the lamps back on for the next time interval. This measurement
was performed for durations of 15, 30, 45, 60, 75, 90, 105, and 120 minutes leaving the lamps on.
Air temperature. The temperature of the air between the mercury halide lamps was recorded before
each time the lamps were turned on, and before each time the lamps were shut off to record vial temperature
using the thermocouple probe attachment to the IR thermometer. This temperature is likely most accurate
as the temperature could be recorded while the lamps were still on.
Nanoparticle samples. The temperature of native nanoparticles, and fumed silica nanoparticles
coated with 4,4-dimethylbenzil 1 was examined. The nanoparticles were placed into a vial and the vial
rotated with the lamps on for periods of time (15, 30, 45, 60, 75, 90, 105, and 120 min). After each period
of time, the lamps were shut off and the temperature of the nanoparticles recorded after removing them
from the paddle and uncapping of the vial lids. The temperature was recorded by pointing the IR
thermometer directly through the opening of the vial at the silica nanoparticles in the vial, so is not to record
the temperature of the vial rather than just the silica particles. The vial was permitted to return to room
temperature and a fresh sample of nanoparticles was weighted, and its temperature recorded before
proceeding to the next time interval.
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Figure 2.12. A plot of temperature in air (black circles), of the 5-mL vial (red squares), of uncoated
nanoparticles (blue diamonds), and of nanoparticles coated with 4,4-dimethylbenzil 1 (yellow triangles)
immediately after irradiation with the metal halide lamps. The standard deviation of all measurements was
~1 °C.
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Chapter 3.
Dark-Binding Process Relevant to Preventing Photosensitized
Oxidation: Conformation-Dependent Light and Dark Mechanisms
by a Dual-Functioning Diketone

3.0. Introduction
Dual-functioning compounds, such as those which perform as both imaging agents as well as
photosensitizers, are an increasing class of compounds.1-3 Dual functioning has been approached from many
different angles.4,5 In one case, singlet oxygen (1O2) was used to photodegrade micelles for the delivery of
the doxorubicin for combined 1O2 and drug activity (Figure 3.1).6
However, there is a way to go before photosensitizers can also serve simultaneously as
chemotherapeutic drugs. Here, we describe an -diketone sensitization that responds as a conformational
switch to binding may bring that goal a step closer.
Conformationally-dependent binding of drugs that shut off the photosensitization pathway are
generally not exploited in photodynamic therapy (PDT). The reason that conformational twisting is usually
not available to sensitizers is they are often cyclic structures. In the case of porphyrins and phthalocyanines,
a flat shape is largely retained upon excitation. Sensitizers that can adopt flat and also twisted conformations
are in need of greater study in the context of dual function. Tools from the conformational binding side can
then influence the outcome of the photooxidation. The two functions can come together to influence each
other in competitive light/dark reactions.
The potential for such dual-functioning compounds could be realized with -diketones (diones)
that are now explored for chemical binding vs photosensitization processes. We hypothesized that a dione
will act as a sensitizer as the anti isomer and undergo chemical binding as the syn isomer in a “give and
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take” to the sensitization process (Figure 3.2). That compounds may be decoupled from sensitization
through drug binding would be of fundamental interest.
Dione compounds have been shown to act well as binding agents.7 For example, benzils bind to
tubulin proteins in a similar manner as stilbenes, such as combretastatin A-4.8 Furthermore, diones have
been shown to be important in chelation reactions with phosphites,9,10 and have been used in the synthesis
of phosphoranes.11 Diones such as 4,4′-dimethylbenzil (9) and mono-carbonyl compounds have been used
as photosensitizers in photooxidation reactions,12-15 but not in the terms of dione conformational binding
and photosensitization as we describe here. Indeed, the dual functionality of diones for photosensitization
and subsequent binding has not been previously explored.
We report on a conformational switch between dione-sensitized peroxide decomposition and dione
binding to phosphite. Tuning the dione conformation is desired not only to thermally chelate, but control
peroxide sensitization to alkoxy radicals, in which Light Path A and Dark Path B are competitive (Figure
3.3). The dione sensitization is permanently shut off by a conformational switch in phosphite binding. We
now demonstrate that anti and syn-skewed conformations of 9 promote sensitization, whereas the syn
conformation promotes phosphite binding. The following presentation only considers 4,4′-dimethylbenzil
9 and glyoxal 11; the former in experimental and theoretical work, the latter only in theoretical work. The
mechanism in Figure 3.3 is consistent with the data collected, as we will see next.
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Figure 3.1. Micelle degradation by singlet oxygen for the release of doxorubicin for combined 1O2 and
drug activity.

Figure 3.2. Conformational switch of dione for photosensitized oxidation activity and binding activity. The
dione acts as a photosensitizer (Path A) and binds to a phosphite shutting off the sensitization (Path B). It
will be shown how paths A and B are competitive. Dione concentrations and the proticity of the surrounding
environment is tested. Here, “X” represents a chelating agent such as protein binding site or a phosphite
molecule as is examined in the current work
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3.1. Results and Discussion
The results are presented in the following four subsections: (1) the computed binding process
between dione 10 and (MeO)3P; (2) analysis of the kinetics of the binding; (3) the sorting out of light and
dark dependent reactions; and (4) product distribution upon photosensitized homolysis dicumyl peroxide
11.
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3.1.1. Dihedral Rotation Dependence of Bidentate Binding. Some details of the dione rotation
and phosphite binding can be obtained from DFT calculations. Glyoxal 10 was used as a model system to
mimic the 1,2-dione portion of 4,4′-dimethylbenzil 9 due to lower computational cost of the former. Dione
10 serves as a model for the DFT calculations, but is not a good sensitizer. Figure 3.4A shows the
B3LYP/D95(d,p) energies for the rotation of glyoxal 10 around the dihedral angle (θ for O=C–C=O), which
was constrained to 10° increments. The anti rotamer is the global minimum, and the syn rotamer is 5.6
kcal/mol less stable. The syn rotamer is reached by a syn-skewed transition structure with a barrier height
of 7.5 kcal/mol. For the larger dione (dimethylbenzil, 9), a pure syn geometry of 9 cannot be transposed on
its core, and therefore a syn-skewed minimum is favored due to a buttressing of the nearby aryl groups,
which destabilize the syn geometry. It appears that the ortho-aryl hydrogens disable dione 9 from adopting
a pure syn geometry. Nonetheless, 10 served as a good model for the 1,2-dione segment of 9. Relatedly,
Allonas et al.16 have shown that diones in the syn orientation have a lower ET by a couple of kcal/mol than
diones flexible to rotated about their central C–C bonds. In our case, a computed rotational profile is
featured for a syn and anti dione, where both are stable, however the syn dione reacts with (MeO)3P based
on the Curtin-Hammett principle.
Next, we computed the cyclization path of dione 10 with (MeO)3P. This chelation reaction arises
from the syn dione. The transition structure for the cyclization is shown in Figure 3.4B, where the resultant
dihedral angle (θ is O=C–C=O) is approximately planar for TS2/3 is 0.9°. The phosphorane product 13
possesses a trigonal bipyramidal geometry, where the apical P–O bond distance (2.37 Å) is onger than the
equatorial P–O bond distance (2.18 Å). The activation energy for the association of dione 2 with (MeO)3P
is predicted to be ∆E‡ = 15.3 kcal/mol. Only a transition structure for a concerted process from the syn dione
was found. Transition structures for a step-wise addition could not be located. We also did not find an
energy minimum for a monodentate binding between dione 10 and (MeO)3P. Formation of phosphorane 11
is exothermic by 9.1 kcal/mol compared to the reagents 9 and 10. The decomposition of phosphorane is a
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high-barrier process so that it irreversibly ‘‘masks’’ dione 10, where the energy barrier for the release of
phosphite from the phosphorane is 30.0 kcal/mol. An assessment of molecular orbitals (MOs) was as also
informative to understanding the free form of the dione and the phosphite binding process.
DFT computations show that the HOMO of dione 10 has zero nodes and an n-type orbital on the
oxygen lone pair electrons, and a LUMO with antibonding * character due to two nodes on the p orbitals
of the C=O groups (Figure 3.5). The chelation of (MeO)3P to the dione alters the electronic transition of the
dicarbonyl group. In contrast, the HOMO of phosphorane 13 is of  character with two nodes on the p
orbitals of the C=O groups and a C=C  bond. The LUMO of 13 has antibonding * character with p
orbitals on the C=O and C=C groups. The computations are consistent with experimental results showing
that -diketones bear strong n,* character,16 where our DFT results now show that the n,* character in
dione 10 is lost and replaced with the ,* character in the phosphorane 13. Next, we present experimental
evidence for a cyclization of dione 9 with (MeO)3P to reach phosphorane 12.
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3.1.2. Kinetics of Dione Binding to Phosphite. We sought experimental evidence for the
formation of phosphorane 12 since dione 9 is a sensitizer. Figure 3.6 shows a first-order fit for the reaction
of dione 9 and (MeO)3P over time. Due to the sparing stability of phosphorane 12, kinetics for its
disappearance do not fit a first order plot. Phosphorane 12 is an intermediate and exists for ~10 minutes as
a mixture in the reaction. Notice the absorptivity of dione 9 decreases significantly when chelated to
(MeO)3P upon formation of the phosphorane 12 (Figure 3.7). The phosphorane absorption is attributed to
a ,* transition that appears at a shorter wavelength (λmax = 235 nm) in comparison to dione 9 (λmax = 270
nm). Thus, phosphorane 12 has little to no overlap with the light source (300 < λ < 700 nm). We are
confident to the existence of transient phosphorane 12 in our system based on the evidence to follow. 1H
NMR data show the phosphorane 12 doublet “b” is located at 3.66 and 3.69 ppm and increases with time
(Figure 3.8), where its location is similar to POCH3 peaks in phosphorane compounds previously reported.11
A similar increase over time can be seen in the peak assigned to the phorphorane 12 p-substituted methyls
(Figure 3.9). The 31P NMR data show that phosphorane 12 bears a chemical shift of -49.6 ppm (Figure
3.10), indicating that the phosphorus atom is covalently bound to five oxygen atoms, which is also similar
to a previous report. Similar negative chemical shifts have been observed for other phosphoranes.12
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Figure 3.7. Absorption spectra following the dark reaction of 4,4-dimethylbenzil 9 (λmax = 270 nm) and
(MeO)3P, which forms phosphorane 12 (λmax = 235 nm) and by-products in CH3CN. Spectra were recorded
after 1, 11, and 41 min. At 41 min, the mixture contains 4,4-dimethylbenzil 9 and phosphorane 12 in a ratio
of about 1:1.
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Figure 3.8. Partial 1H NMR spectra following the photoreaction of 4,4ꞌ-dimethylbenzil 9, dicumyl peroxide
11, and (MeO)3P in CD3CN. Spectra were recorded after irradiation times of 5, 22, 39 and 56 min. The
(MeO)3P peaks “a” at 3.48 ppm and 3.51 ppm (d, J = 10.6 Hz, 9H) are found to recede with time, whereas
the phosphorane 12 peaks “b” at 3.66 ppm and 3.69 ppm (d, J = 13.2 Hz, 9H) increase with time. The peak
marked “x” is due to an impurity.
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Figure 3.9. Partial 1H NMR spectra following the dark reaction between 4,4ꞌ-dimethylbenzil 9 and (MeO)3P
in CD3CN at 5 min (red), 22 min (green), 39 min (blue) and 56 min (purple). The p-substituted methyls
were assigned to the 4,4ꞌ-dimethylbenzil 9 peak “a” at 2.451 ppm and the phosphorane 12 peak “b” at 2.350
ppm.

54

Figure 3.10. 31P NMR spectra following the photoreaction of 4,4ꞌ-dimethylbenzil 9, dicumyl peroxide 11,
and (MeO)3P in CD3CN compared to an H3PO4 standard. Spectra were recorded after irradiation times of 7
and 64 min. The (MeO)3P peak “a” at 140.8 ppm is found to recede with time, whereas the phosphorane 12
peak “b” at -49.6 ppm and the (MeO)3P=O peak “c” at 2.25 ppm increase with time. Peaks marked “x” are
due to impurities.

The appearance of trimethylphosphate [(MeO)3P=O] is a consequence of the phosphorane 12
decomposition via aryl migration, a side reaction leading to ketene. Based on the literature of ketenes,11
phosphorane 12 cleavage is expected to lead to (p-MeC6H4)2C=C=O and (MeO)3P=O, and by-products,
although we did not analyze these downstream reactions. Next, we sought to examine the competitive
binding of dione 9 with (MeO)3P (Dark Path B) and the photooxidation activity in cumyloxy radicals
generated in dicumyl peroxide 11 photodecomposition (Light Path A).
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3.1.3. Separating the Light and Dark Paths. In addition to phosphite chelation to dione (Path
B), we show that phosphite can be used to indirectly monitor the photodecomposition of dicumyl peroxide,
by trapping the resultant cumyloxy radicals (Light Path A) (Table 3.1). The use of phosphite as alkoxy
radical traps is reported in the literature.17,18 Table 3.1 shows the dione 9 sensitized dicumyl peroxide 11
decomposition as a function of the sensitizer to peroxide ratios. The ratios correspond to concentrations of
100 mM 9 and 0.5 to 100 mM 11. Data are shown for (MeO)3P=O formed from Light Path A, Dark Path
B, and combined Paths A + B. Samples were irradiated (300 < λ < 700 nm) for 1 hour under anaerobic
conditions. The sensitizer/peroxide ratio of 1:1 showed an 9% increase in peroxide homolysis compared to
the 1:10 ratio (entries 1 and 2). Thus, the photosensitized decomposition of 11 was about 3 times more rapid
in the 1:1 ratio sensitizer/peroxide compared to the 1:10 ratio. As we see, the sensitized 11 decomposition
was shown to require a high sensitizer to peroxide ratio. Ratios of 1:40 or lower (entries 3-5) show no
detectable sensitized decomposition of dicumyl peroxide 11.
Path B clearly is significant since Path A values are lower by comparison. In the absence of
sensitizer, direct irradiation (300 < λ < 700 nm) leads to no detectable photodecomposition of dicumyl
peroxide 11 (entry 6). Indeed, the poor excitation wavelength overlap of the dicumyl peroxide 11 with the
light source provides an explanation for dicumyl peroxide’s stability without sensitizer. While dicumyl
peroxide 11 is photochemically unstable with UVC light (data not shown), our light source is mainly UVA
and visible light with some UVB, and thus we demonstrate that dione sensitizer 9 leads to the photolability
of dicumyl peroxide 11. The extent of peroxide decomposition due to direct irradiation (280 < λ < 700 nm)
is negligible for dicumyl peroxide 11 (~0%) under our conditions. Thus, it follows that the fragility of
peroxide O–O bonds needs to be negligible for quantitation of any sensitized contribution to the
decomposition. Next, we carried out DFT studies to probe the dicumyl peroxide O–O bond dissociation
further.
Since the dicumyl peroxide 11 is not excited, we conducted ground-state DFT calculations rather
than TD-DFT calculations to predict the energetics for O–O bond dissociation on the singlet and triplet
potential energy surfaces (PESs). The O–O bond was elongated and optimized at each distance with the
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resulting potential energy curves shown in Figure 3.11. It is readily seen that on the singlet surface, O–O
bond separation is endothermic with a barrier to O–O bond homolysis of ~60 kcal/mol. In contrast on the
triplet surface, the O–O bond separation is exothermic and that the forming cumyloxy radical pair are
strongly repulsive. The singlet surface in Figure 3.11A shows the separated cumyloxy radicals are found
oriented in an anti-conformation. On the singlet surface, the homolysis would is high in energy to unveil
alkoxy radicals. On the other hand, the triplet surface in Figure 3.11B shows the separated cumyloxy
radicals remains in a cis skewed conformation even up to a separation distance of 3.5 Å. Based on these
DFT results (Figure 3.11), and keeping in mind the O–O bond dissociation energy (BDE) of dicumyl
peroxide 11 is 34 kcal/mol,19,20 we surmise that the photosensitized O–O bond homolysis occurs on the
triplet manifold via energy transfer to a repulsive orbital of the O–O bond. For releasing the cumyloxy
radicals beyond their contact-pair as free species, a small amount of heat would then be required.
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Table 3.1. Using trimethylphosphite to track the dicumyl peroxide photodecomposition as a function of
sensitizer to peroxide ratioa-c

9

11

9

13

entry

dicumyl
peroxide
concentration
(mM)

sensitizer 9
concentration
(mM)

sensitizer 9 to
peroxide 11
ratio

% reduction
of 11 from
light path Ad

% phosphate
formed from
dark path Bd

% phosphate
formed from
paths A + Bd

1

100

100

1:1

14

37

51

2

100

10

1:10

5

15

20

3

100

2.5

1:40

0

12

12

4

100

1

1:100

0

14

14

5

100

0.5

1:200

0

15

15

6

100

0

0:1

0

0

0

a

Trimethylphosphite concentration was 100 mM. b Amount of phosphite and phosphate monitored by 1H

NMR (corresponding methyl peaks). c Amount of peroxide and products (cumyl alcohol and
acetophenone) monitored according to HPLC. d Standard deviation is ±1%.
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Figure 3.11. Unrestricted B3LYP/D95(d,p) calculations for the O–O bond dissociation of dicumyl peroxide
11 on the (A) singlet surface, and (B) triplet surface. The structures were optimized with the O–O bond was
constrained by increases in 0.05 Å increments. Relative energies in kcal/mol.
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3.1.4. Trapping of Photogenerated Cumyloxy Radical. As dicumyl peroxide 11 can be
photosensitized to homolytically cleave, we turned to an evaluation of the effect of reaction medium on the
product distribution to seek further evidence of the existence of cumyloxy radical. Table 3.2 show data
which determine the effect of the surrounding media on the products formed in the 4,4′-dimethylbenzil 9
sensitized decomposition of dicumyl peroxide 11. Here, acetophenone (14), 2-phenylpropan-2-ol (15), and
-methylstyrene (16) were detected as products, where the distribution depended on the presence or absence
of an H-atom source.
In wet acetonitrile-d3, irradiating with light from 300 < λ < 700 nm, the products formed were
acetophenone 14 (2%) and 2-phenylpropan-2-ol (7) (98%) (Table 3.2, entry 1). Somewhat similarly, a
literature plasmon-excitation reaction in methanol showed dicumyl peroxide 11 decomposition to 14 (50%)
and 15 (50%) (entry 2).19 In contrast, in dry acetonitrile-d3, products were favored in the opposite direction
with the near exclusive formation of acetophenone 14 (99%), with 2-phenylpropan-2-ol 7 (<1%) and a trace
amount of -methylstyrene 16 (entry 3). Solution-free conditions on silica with unfiltered UV light (280 <
λ < 700 nm) or with direct irradiation of 11 with 254 nm light led to a slightly reduced yield acetophenone
14 (67-70%), with 2-phenylpropan-2-ol 7 (4-5%), and -methylstyrene 16 (1-2%) (entries 4 and 5). For the
solution-free reactions on silica, the mass balance of the reaction was ~75% due to evolution of volatile
species, such as CH3• and CH4. A literature plasmon-mediated reaction in acetonitrile also showed the main
product to be 14 (98%) with a minor amount of 15 (2%) (entry 6).19
We attribute these results to cumyloxy radicals formed in the sensitized homolysis of dicumyl
peroxide 11, which abstracts H atoms from water (in wet acetonitrile) or silanol (SiOH) groups on the silica
surface. The cumyloxy radical may also be reacting with water on adsorbed to the silica surface leading to
increased percent yields of 15. The heterogeneous experiment was carried out on silica with high relative
amounts of SiOH groups for H-atom abstraction. Our results are consistent with literature reports of Hatom abstraction by cumyloxy radicals in polymer crosslinking and other reactions.21,22
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Table 3.2. Effect of aprotic and protic media in products formed from the 4,4-dimethylbenzil 9 sensitized
photodecomposition of dicumyl peroxide 11.
protic media
(SiOH, wet CD3CN,
or MeOH)

hn

O O

O

sens 19

3

cumyloxy radical

11

15

O

aprotic media
(dry CD3CN)

+

146

168

15

15

% yield of
cumyl alcohol
15 g

% yield of αmethylstyrene
16 g

ref.
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98

<0.01

this
work
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excitation

50

50

-

19

3

dry
acetonitriled3
solutiona,b

dione 9
photosensitized

99
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4
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interfacea,d
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70

4

1

17

5

gas/solida,e,f
interface
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67

5

2

this
work

6
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solution

plasmon
excitation

98

2

-

19

reaction
medium

condition

1

wet
acetonitriled3
solutiona,b,c

dione 9
photosensitized

2

methanol
solution

entry

a

OH
7

% yield of
acetophenone 14
g

An average of 3 runs with a standard deviation of ±3.

b

Irradiation at 300 < λ < 700 nm. c Acetonitrile

Irradiation at 280 < λ < 700 nm.

e

Solid phase is fumed silica. f Irradiation at 254

containing <1% H2O.
nm.

g

d

Sensitizedf homolysis of dicumyl peroxide 11 leads to cumyloxy radical, which adds to (MeO)3P,

and subsequently cleaves a methyl radical in reaching (MeO)3P=O based on the following proposed
reaction: dione 9 + Ph(Me2)COO(Me2)Ph 11 + h → 2Ph(Me2)CO•; Ph(Me2)COO(Me2)Ph ←
[2Ph(Me2)CO•] + (MeO)3P → (MeO)3P=O; [2Ph(Me2)CO•] → MeCOPh + Me•; [2Ph(Me2)CO•] + H-atom
source → ROH.
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3.1.5. Summary. We show that a Curtin-Hammett process of the less stable syn conformer of a
dione binds to (MeO)3P irreversibly. The facility of this increases with the syn dione conformation. Since
diones have been used as protein binding drugs,7,8 there is a potential for their use in rotation tuning for
binding from the syn form to sensitization from the anti form. That is, the function of the dione would be
more photodestructive in the anti form, but more effective in protein binding for example in the syn form.
The competition for chemical selectivity (modulation response) emerges through a Curtin-Hammett process
involving the less stable syn conformer. The transition state and formation of phosphorane arises from the
syn dione according to the DFT calculations.
The photosensitized decomposition of dicumyl peroxide 11 requires relatively high concentrations
of dione 9 and is proposed to take place on the triplet manifold. Cumyloxy radicals are formed and scavenge
H-atoms from surface silanols, water adhered to silica, as well as methanol and water producing cumyl
alcohol as the major product. In the peroxide-sensitized homolysis, H-atom abstraction of protic media by
the cumyloxy radical is an important process that competes with methyl radical loss and formation of
acetophenone as a major product in the dicumyl peroxide photodecomposition reaction. Dione 9 is not
likely to photoreduce in the presence of water, but would be susceptible to photoreduction with H atom
donors such as triethylamine or a phenol substituted with an electron donating substituent. 16 In terms of
product formation, produced acetophenone (ET = 74 kcal/mol) may also serve as a photosensitizer, although
4,4-dimethylbenzil 9 has a fairly low-lying triple state (ET = ~51 kcal/mol) is expected to be the main
photosensitizer over the course of the peroxide 11 homolysis reaction. Also, for comparison O2 degassed
conditions were used otherwise a competing process would include dione sensitization to O2 and formation
of singlet oxygen. Our work is also part of a growing body of work17,27-33 examining sensitization reactions
by peroxide O–O bond homolysis, where the reaction is also relevant to the more commonly studied
sensitization of 3O2 to 1O2.
Porphyrins have been studied and act well as 1O2 sensitizers, but usually bind to membranes rather
than within enzymatic pockets.23 Porphyrin distortion away from planarity can lead to a shut off of their
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sensitizer activity,24-26 however, porphyrins’ large size mostly disallow competing processes, such as
binding in a protein pocket. Here, we report on a dione that can bind a phosphite, an observation similar to
the dione binding at metal active sites in enzymes (e.g., tropolones and hydroxy-tropolones), where the
relative size of dione 9 and derivatives can facilitate binding. The effectiveness of the dione as a
photosensitizer is suggested but only prior to binding, which suggests a potential advantage to dionesensitized reactions in PDT applications.

3.2. Conclusion
We present a new concept for dark conformational dependence in connection with attenuating a
photooxidation reaction. Namely, the ability of an -diketone (4,4′-dimethylbenzil) to act as a
photosensitizer for alkoxy radical production, and to bind to a trialkyl phosphite was studied in homogenous
and heterogeneous systems. Upon binding to phosphite, the 4,4′-dimethylbenzil decreased in its alkoxy
radical photoproduction, acting as a shut-off mechanism. This opens the avenue of -diketones for
prospective dual action in sensitization and in drug binding activity.
Diones such as 9 can serve as photosensitizers, but also have dark binding opportunities. The light
and dark paths are competitive paths due to the rotational dependence about the two carbonyl groups, with
the syn enhancing dark binding and the anti or syn-skewed increasing the light-dependent route. The
system is a step toward the dual action goal, in which the design can be tailored to selected binding site to
enhance cooperative dialog between phototherapy-to-drug binding. Such a collective mode of reaction is
generally not available to sensitizer macrocycles with restricted conformational freedom.

63

3.3. Experimental
3.3.1. Computations. Calculations were carried out using Gaussian 09 (revision D.01)36 with the
B3LYP functional and the D95(d,p) basis set in gas phase. Molecules were visualized with GaussView
5.0.37 The transition state structure TS2 was verified as transition states by frequency calculations.
Calculations were also carried out by scanning of bond rotations for dione 10 and the O–O bond
dissociations of dicumyl peroxide 3 in the singlet and triplet surfaces by constraining compound geometries.
3.3.2. General. Reagents used include: 4,4-dimethylbenzil 9, dicumyl peroxide 11,
trimethylphosphite [(MeO)3P], trimethylphosphate [(MeO)3P=O], and triisopropylphosphate [(nC3H7O)3P=O] purchased from Sigma Aldrich and used as received. Potassium hydrogen phthalate from
Fisher Scientific was used as received. Acetonitrile, acetonitrile-d3, dichloromethane and methanol were
purchased from VWR and used as received. The hydrophilic fumed silica particles used were 200-300 nm
in diameter, with 200 ± 25 m2/g surface area.
3.3.3. Photolysis Method. Figure 3.12 shows a schematic of irradiations that were conducted with
samples placed in a 1-cm filter solution of 0.5 w/v% potassium hydrogen phthalate in water to collect light
from 300 < λ < 700 nm at the midpoint between two 400-W metal halide lamps, which delivered light (280
< λ < 700 nm). A handheld UV 254 nm light source was also used. Rises in temperature of ~2-3 °C were
observed for the sample solution under irradiation after 1 h. We have previously measured the fluency rate
at a mid-point in between the bulbs to be 21.8 ± 2.4 mW/cm2.34 The tail of the absorption of dione 9 (280310 nm) overlaps with the output of the metal-halide light, but this overlap is poor and nearly nonexistent
with dicumyl peroxide 11, phosphorane 12, (MeO)3P, and (MeO)3P=O (Figure 3.13). The compound, (nC3H7O)3P=O, was used as an internal standard. Photolyses of dione 9 and dicumyl peroxide 11 were done
in N2-sparged solutions and heterogeneous samples, as described next.
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a

b

Figure 3.12. Schematic of the photoreactor set up. A metal-halide lamp system was used for the irradiation
of homogeneous solution (a) or silica particles tumbling inside of a vial (b). Light was filtered through a
potassium hydrogen phthalate filter solution (300 < λ < 700 nm) for the homogeneous studies and unfiltered
(280 < λ < 700 nm) for the heterogeneous studies.
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Figure 3.13. Absorption spectra of 4,4-dimethylbenzil 9 (black trace), dicumyl peroxide 11 (red trace),
(MeO)3P (magenta trace), (MeO)3P=O (green trace), and the potassium phthalate filter solution (gray trace,
it is a cutoff filter 310 nm) in CH3CN (path length = 1.0 cm). The inset shows the absorption of the
compounds and filter solution in the 310 to 350 nm range.

66

Figure 3.14. Absorption spectrum (black trace; λmax = 270 nm) and fluorescence spectrum (blue
trace; λex = 270 nm) of 4,4-dimethylbenzil 9 in CH3CN. Path length = 1.0 cm.

3.3.4. Homogeneous Method. Typically, acetonitrile solutions were used containing dicumyl
peroxide 9 (0.1 M) in the presence or absence of sensitizer 4,4-dimethylbenzil 9 (0.01 M) and (MeO)3P
(0.1 M). The solutions were sparged with N2 for 15 min prior to irradiation, where the headspace was filled
with N2. Oxygen free conditions were needed otherwise the sensitizer 9 produces singlet oxygen under
aerobic conditions.15 Phosphorous trapping agents such as trimethyl phosphite have been reported to trap
the alkoxy radicals,35 and thus were used here. The product (MeO)3P=O was monitored by GC/MS and 1H
and 31P NMR spectroscopy. The peroxide decomposition yields did not vary by more than 1% between the
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two methods: GC/MS and 1H NMR spectroscopy. The use of 31P NMR spectroscopy produced higher error
(~2-3%). GC/MS and 1H NMR spectroscopy were also used to characterize the hydrocarbon products.
3.3.5. Heterogeneous Method. The preparation of 4,4-dimethylbenzil 9 and dicumyl peroxide 11
co-adsorbed onto fumed silica has been described previously.17 Briefly, fumed silica was immersed in a
dichloromethane solution of solvated 9 and 11. After stirring, the dichloromethane was evaporated with a
stream of N2 gas leaving reagents adsorbed on the silica. The silica particles were further dried under
vacuum. Compound adsorption was assumed to be uniform. We used a 20-cm3 glass container containing
100-mg silica particles adsorbed with 9 and 11 that form a two-phase system that was N2-degassed. This
container was rotated by its attachment to a stirring paddle where the silica particles tumbled during the
irradiation for 1 h. Once the photolysis was completed after 1 h, products 14–16 were detected upon
desorption from the silica surface with dichloromethane or methanol and filtered with a syringe-loaded
filter. Here, we monitored the consumption of dicumyl peroxide 11 over time and quantitated the products
formed based on GC/MS and NMR. The possible formation of volatile products was not explored.
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Chapter 4.
Theoretically Enhancing Three Phase Device Performance by
Maximizing the Number of Triplet Sensitizer Sites
on the Superhydrophobic Surface
4.0. Introduction.
Superhydrophobic surfaces exhibit many unique properties, including resistance to soiling,
biofouling, accretion of cells and separation of an embedded sensitizer and the target site. 1-3 These unique
properties make them good candidates for use in oxidation of compounds, disinfection, and eradication of
biofilm bacteria and tumor cells.4 Recently, we reported on such a superhydrophobic photosensitizer device
for the delivery of singlet oxygen from the plastron interstices into solution or to bacterial biofilms.5 While
our 2020 study5 showed good proof of concept for this singlet oxygen producing superhydrophobic
photodynamic technique, there remain many engineering details which have yet to be considered in
increasing the functionality of these three phase devices. In particular three phase device size, weight of the
three phase device, and nanoparticle surface area have yet to be fully optimized, and exactly how these
aspects correlate to one another as well as triplet sensitizer sites has yet to be entirely realized.
The three phase devices (Figure 4.7) have a few main changeable components which play a crucial
role in their functionality. One such component is the embedded silica nanoparticles, which can be produced
in a wide variety of shapes and sizes, as well as chemical make ups. Another component is that of the
sensitizer. A variety of sensitizers have been studied for the production of singlet oxygen. One such
sensitizer is pterin, of which we recently studied alkylation patterns and excited‐state properties.6 The pterin
study found that the alkylation occurred at either the N(4) or O(3) site on the pterin. Computations done on
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the pterins found increased solubility and reduced triplet state energetics, which makes them good
candidates for a 1O2 producing device. We have also reported on sensitizers covalently attached to a
nanoparticle surface,7 rather than adsorbed. Such covalently attached sensitizers are able to be released from
the surface through photo-cleavable groups, such as the ethane group in the sensitizer we reported on.
In the study described here we examined, through theoretical calculations and some minor
experimental data, the effect of the size and shape of the embedded silica nanoparticles on the surface area
and weight of these three phase devices as a way to advance this superhydrophobic technique. These
findings are the first part of a study on enhancing the singlet oxygen output of these superhydrophobic
photodynamic (SHP) devices.

4.1. Results and Discussion
4.1.1. Effect of Embedded Particle Shape and Size on Surface Area. First, the effect of particle
size was theoretically examined considering a few basic 3-dimensional shapes: a sphere, cube and
tetrahedron. Varied packing structures and orientations on the surface were also considered. For these
shapes equations were developed using a flat, square surface area as the surface on which the particles
would be embedded or placed.
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a.

b.
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Figure 4.1. Spherical particles fit into a square surface area. a. linearly positioned particle packing. b.
tight particle packing.
The total surface area of the spheres in a square surface area can be taken as the number of spheres
which fit onto the surface, under the linear packing structure depicted in Figure 4.1A, times the surface area
of a single sphere. The number of spheres which fit on the surface is taken as the length of the surface
divided by the diameter of a particle, giving the following equation.
2

𝑙

𝑆𝐴 𝑇 = (𝐷𝑆 ) 4𝜋𝑟𝑃 2
𝑃

.….(4.1)

Where SAT is the total surface area which results from the particles, LS is the length in both
dimensions of the square surface on which the particles are being placed, Dp is the diameter of the spherical
particles, and rP is the radius of the spherical particles. When Dp = 2rp is applied and eq. 1 is simplified eq.
2 is obtained.
𝑆𝐴 𝑇 = 𝜋𝑙𝑠 2

…..(4.2)
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Highly notable about eq. 4.2 is the fact that no terms related to dimensions of the particles remain.
This supports the conclusion that the total surface area, which supports sensitizer on these SHP devices,
does not depend on the size of the embedded nanoparticles. To confirm this, a second packing structure for
spherical particles was considered. For the tighter packing structure depicted in Figure 4.1B, the total
surface area of the spheres can once again be taken as the number of spheres which fit onto the surface
times the surface area of a single sphere. However, under this packing structure the number of spheres
which fit on the surface is a slightly more complicated, as shown in eq. 4.3.
𝑙
𝑟𝑃

𝑙𝑆
) 4𝜋𝑟𝑃 2
√3𝑟𝑃

𝑆𝐴 𝑇 = ( 𝑆 ) (

…..(4.3)

Here the number of particles which fit on the surface is made up of two factors. The first factor is
the length of one side of the square surface divided by the radius of the particles. Multiplied by that factor
is the length of the side of the square surface divided √3𝑟𝑃 which is the height of rows which contain one
full sphere, considering the overlap of the spheres above and below equates to the overlap of the sphere in
the given row into the other rows.

𝑆𝐴 𝑇 =

4√3𝜋𝑙𝑠 2
3

…..(4.4)

Once again, in eq. 4.4 is no terms related to dimensions of the particles remain, showing that the
total surface area of the particles depends only on the size of the square surface on which the particles are
placed and not on the size of the particles themselves. If eq. 4.3 were modified for half spheres the sphere
surface area would be divided by two and the area of a circle with a radius equal to that of the sphere
would be added, giving eq. 4.5.
𝑙

𝑙𝑆
4𝜋𝑟𝑃 2
)
(
2
√3𝑟𝑃

𝑆𝐴 𝑇 = (𝑟𝑆 ) (
𝑃

+ 𝜋𝑟𝑃 2 )

…..(4.5)

Which simplifies to eq. 4.6, which remains absent of any terms related to the size of the particles.
𝑆𝐴 𝑇 = √3𝜋𝑙𝑠 2

…..(4.6)
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Table 4.1 further emphasizes the fact that the total surface area of the particles on embedded on a
given surface does not depend on the size of the particles, by giving equations, as well as their simplified
versions, for cubic particles and tetrahedral particles.

Table 4.1. Equations for the total surface area of particles embedded on a surface.
simplified
equation for
SAT

equation for

particle
shape

particle
packing

surface
shape

sphere

linear

square

𝑙𝑆 2
𝑆𝐴 𝑇 = ( ) 4𝜋𝑟𝑃 2
𝐷𝑃

𝑆𝐴 𝑇 = 𝜋𝑙𝑠 2

sphere

tight

square

𝑙𝑆
𝑙𝑆
𝑆𝐴 𝑇 = ( ) (
) 4𝜋𝑟𝑃 2
𝑟𝑃 √3𝑟𝑃

𝑆𝐴 𝑇
4√3𝜋𝑙𝑠 2
=
3

half sphere

tight

square

𝑙𝑆
𝑙𝑆
4𝜋𝑟𝑃 2
𝑆𝐴 𝑇 = ( ) (
+ 𝜋𝑟𝑃 2 )
)(
𝑟𝑃 √3𝑟𝑃
2

𝑆𝐴 𝑇 = √3𝜋𝑙𝑠 2

total surface area of particlesa

𝑆𝐴 𝑇
linear
cube

square
/tight

tetrahedron

a

tight

square

=(

𝑙𝑆
√2𝑠𝑃

𝑆𝐴 𝑇

𝑙𝑆

)

2

6𝑠𝑃

2

= 2√3𝜋𝑙𝑠 2

√((√2𝑠𝑃 )2 − (√2𝑠𝑃 ) )
2
(
)

𝑆𝐴 𝑇 = (2

𝑙𝑠
𝑙𝑠
)(
)√3𝜋𝑙𝑠 2
𝑠𝑃
𝑠
√𝑠𝑃 2 − ( 𝑃 )2
2

𝑆𝐴 𝑇 = 4𝑙𝑠 2

Sp is the length of the edge (i.e. side) of a particle.

By examining the simplified equations in Table 4.1 it becomes apparent each particle shape results
in a different factor times the square area. When comparing these factors we find that the cubic shaped
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particles result in the highest total surface area factor of 2√3𝜋 or 10.88, which is 3.5 times greater than the
lowest factor, that of the linearly packed spheres which is 𝜋.

4.1.2. Effect of Embedded particle Size and Shape on Weight and Volume. As size of particles
has little to no bearing on the surface area available for sensitizer particle size can be reduced to decrease
volume of plastron filled by particles and decrease weight of the particles embedded. Calculations were
performed to show the effect of particle size on the volume of the empty plastron volume (Table 4.4), which
would be the space through which the singlet oxygen produced on the surface of the particles would diffuse.
Though the distance the oxygen has to travel is the same regardless of the particle size the empty area the
oxygen has to travel through changes. The oxygen has slightly more free space to travel through in the
plastron the smaller the particle. The small amount of more free space may reduce quenching of singlet
oxygen by encountering a wall (silica or PDMS). Though the difference is likely negligible.

Table 4.2. Effect of particle size on the plastron volume.
plastron volume
filled with particles
(mm2)

average distance
through plastron
(mm)

1.85 × 10-1

4.11 × 10-5

0.55

8730000

1.84 × 10-1

6.17 × 10-5

0.55

50 μm

312

1.74 × 10-1

1.02 × 10-2

0.55

150 μm

33

1.75 × 10-1

1.00 × 10-2

0.55

particle
size

particles in
the plastron

empty plastron
volume (mm2)

200 nm

19600000

300 nm
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Table 4.3. Information on particles A, B, and C.

particle
type

particle
size (µm)

chlorin e6
loading
(µmol/g)

weight of
particles per
micro-carpet
(mg)

silica
surface
area
(m2/g)

silica
density
(g/cm3)

surface-tovolume
(m2/m3)

porosity

16.3

0.016

2.65

3.98

none

8.1

200

0.04

0.08

28%

~20

250

1.50

3.75

none

1.3
2.6
particle
A

5.3
45-105
10.5

sil-co-sil

21.1
42.2
5.3
particle
B

10.5
0.2-0.3

fumed
silica

21.1
42.2

particle
C

40-150

5.3

PVG

The surface area per gram of the smooth surface particle A is four orders of magnitude smaller than
that of the porous particle C, despite their similar size. While similar weights of these particles were
embedded on the surface the porous particles would allow for a higher population of sensitizer in the
plastron due to the increased surface area. The smaller smooth surface particles B have a similar surface
area per gram as the larger porous particles C, however less than half the weight of particles B was able to
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embed on the surface when compared to particles A and C. Therefore, particles B would provide less
sensitized surface area within the plastron than particle C. However, it is of note that, with a 28% porosity,
a significant degree of the surface area of porous particles C is within the pores of the particle, potentially
increasing the quenching of the singlet oxygen as it would have to escape the pores.
4.1.3. Particle Agglomeration and Sensitizer Desorption. An additional influence on the aspect
of particle size and shape is their tendency to agglomerate. The issue of agglomeration was examined
through the use of particle imaging via SEM. Particles A and B were loaded with 0 µmol/g, 10.54 µmol/g,
21.1 µmol/g, and 42.2 µmol/g of chlorin e6 sensitizer and imaged at 200× and 5000× magnification (Figures
4.2-4.5) in order to inspect the effects of sensitizer adsorption on the particle surface. Images showed that
adsorption of sensitizer causes increased agglomeration of particles when compared to blank (0 µmol/g)
particles, for both particles A and B. Particle agglomeration is an issue on two fronts. First, agglomeration
decreases the surface area/g of particles as well as screening the sensitizer adsorbed within the aggregate.
Second, agglomeration can cause adherence of particles to the superhydrophobic surface which are not
properly embedded within the surface. This can cause particles to come detached from the surface during
use of the SHP device; eliminating the contact free sensitization aspect of the SHP device.
It was found during this study that sensitizer desorption from the device had occurred. The
superhydrophbic surface with embedded sensitizer adsorbed particles was placed over an aqueous solution.
The aqueous solution was then tested for singlet oxygen production, which could only occur if sensitizer
had desorbed into the solution. It was found that the singlet oxygen was produced within the aqueous
solution. In order for sensitizer desorption to occur contact between the liquid and sensitizer adsorbed
nanoparticle surface must occur. As the superhydrophobic surface is meant to prevent contact between the
sensitized nanoparticle surface and the liquid there are few possibilities for how desorption of the sensitizer
occurred. The detachment of particles which were not properly embedded into the surface due to
agglomeration would be a major source of sensitizer desorption. Thus, the analysis of particle
agglomeration is important.
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As can be seen in Figure 4.2 A-D, agglomerates of the fumed silica nanoparticles more than double
in size upon the adsorption of sensitizer, with the largest agglomerates of fumed silica particles B measuring
~ 50 µm increasing to ~150 µm with 21.1 µmol of sensitizer adsorbed per gram of silica. As can be seen in
Figure 4.4 A-D sil-co-sil particles A showed a similar increase in aggregation, which is more notable in the
average size. Figure 4.4 A shows the largest sil-co-sil particle A to measure ~ 75 µm with an average
particle size of ~40 µm. Whereas Figure 4.4 B-D shows the largest sensitizer adsorbed sil-co-sil particle A
agglomerates to measure ~100 µm with an average size of ~ 80 µm.
As can be seen in Figure 4.3 A-D, the fumed silica nanoparticle B agglomerates' surface appears
ruff and individual particles remain distinct on the surface. The fumed silica nanoparticle agglomerates
contain from 150 to 750 nanoparticles depending on the size, based on the size of the agglomerates divided
by the size of the fumed silica nanoparticles B themselves. As can be seen in Figure 4.5 A-D the sil-co-sil
nanoparticles A surface appears smooth with some smaller particles adhered to the surface. The sil-so-sil
nanoparticle agglomerates contain only 2 to 3 individual nanoparticles, based off the size of the
agglomerates divided by the size of the nanoparticles. Thus, embedding of the sil-co-sil nanoparticles into
the superhydrophobic surface should be more efficient, with less particles remaining unembedded on the
surface of agglomerates. Therefore, the fumed silica nanoparticles B would be more likely to have
unembedded particles which could fall off into solution, resulting in sensitizer desorption.
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B

C

D

Figure 4.2. SEM Images of fumed silica at 200× magnification. A: Blank fumed silica; B: Fumed silica
loaded with 10.54 µmol chlorin e6; C: Fumed silica loaded with 21.1 µmol chlorin e6; D: Fumed silica
loaded with 42.2 µmol chlorin e6
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C

D

Figure 4.3. SEM Images of fumed silica at 5000× magnification. A: Blank fumed silica; B: Fumed silica
loaded with 10.54 µmol chlorin e6; C: Fumed silica loaded with 21.1 µmol chlorin e6; D: Fumed silica
loaded with 42.2 µmol chlorin e6
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D

Figure 4.4. SEM Images of Sil-Co-Sil at 200× magnification. A: Blank Sil-Co-Sil; B: Sil-Co-Sil loaded
with 10.54 µmol chlorin e6; C: Sil-Co-Sil loaded with 21.1 µmol chlorin e6; D: Sil-Co-Sil loaded with
42.2 µmol chlorin e6
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Figure 4.5. SEM Images of Sil-Co-Sil at 5000× magnification. A: Blank Sil-Co-Sil; B: Sil-Co-Sil loaded
with 10.54 µmol chlorin e6; C: Sil-Co-Sil loaded with 21.1 µmol chlorin e6; D: Sil-Co-Sil loaded with
42.2 µmol chlorin e6
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4.2. Sensitizer Efficiency
4.2.1. Small-bottle device. A novel three phase device (Figure 4.6) was constructed to measure the
production of singlet oxygen using ~5 mg or less of a sensitizing compound. This small closed-bottle device
could be used to quickly and easily measure the efficiency of singlet oxygen production by a sensitizer. The
small bottle device was constructed from a GC/MS sample bottle and insert, the insert was fixed to the
bottle lid which had a hole where the septum was removed.

Figure 4.6. Schematic of the small closed-bottle three phase device for the measurement of singlet
oxygen production via photosensitization. A small amount of solid photosensitizer depicted in green is
placed at the bottom of the bottle. A 9,10-anthracene dipropionate dianion is depicted as the trapping
solution.
Singlet oxygen is produced at the solid photosensitizer surface, transverses through the air, and into
the solution where it is detected via a trapping agent. Aqueous trapping agent is solution is held in tube by
cohesive force as the opening faces the bottom of the bottle. This small bottle device has advantages in that
it is simple, made from inexpensive materials, and a closed system, rather than an open air system. The
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small bottle device is quick and easy to use and require only a small amount of sensitizer and only half a
milliliter of trapping solution.
In summary, it was found theoretically that the size of embedded nanoparticles does not strongly
impact the available surface area for triplet sensitizer sites, however, the shape of the particles does. Thus,
the porous particle should provide the highest number of triplet sensitizer sites. Agglomeration of the
nanoparticles was found to increase with adsorbed chlorin e6 either tripling or doubling in size depending
on the particle. Desorption of the sensitizer was found to occur, however, it was not determined whether
this was from embedded particles or particles which fell off aggregates. Also, a small bottle three phase
device was developed for quick and easy measure of sensitizer singlet oxygen production efficiency.
4.3. Conclusion
Increases in the exposed surface area of the particles are key in increasing the amount of sensitizer
loaded into the plastron and thus the 1O2 output. While variations in the size of the particle have little to no
impact on the total surface area, and thus the overall sensitizer population on the SHP device, the shape of
the particle has a considerable impact. We find theoretically that a cubic particle provides up to 3asssssss.5
times more sensitized surface area than a spherical particle. Of the real particle examined, porous particles
C provide the greatest sensitized surface area within the plastron, however there is increased potential for
quenching of singlet oxygen produced within the pores. Particles imaging revealed increases in
agglomeration upon sensitizer adsorption. The most dramatic difference was seen in the agglomeration of
sensitized adsorbed fumed silica particles B which were shown to reach triple the size of blank fumed silica
particles B agglomerates. The results discussed would support further study on the singlet oxygen output
of SHP devices. These findings may be of practical importance to help guide further development of these
SHP devices for increasing 1O2 output for water purification and medical devices.
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4.4. Experimental
4.3.1. Materials and Instrumentation. Chlorin e6, Fumed silica, Sil-co-sil particles, PVG were
obtained from commercial supplers. An AMRAY 1910 Field Emission Scanning Electron Microscope
(SEM) was used to obtain the particle agglomeration images.
4.3.2. Silica Particle Preparation. Chlorin e6 was adsorbed onto silica particles by immersing the
blank particles in dichloromethane with dissolved chlorin e6. The dichloromethane was evaporated leaving
chlorin e6 adsorbed onto the particles.
4.3.3. Fabrication of Superhydrophobic Surfaces. The process for printing superhydrophobic
surfaces was reported previously.8,9 Briefly, PDMS posts, ~ 1 mm tall, were printed in 1 cm × 1 cm arrays
on 0.5 mm pitch on a glass slide. The various silica particles were adsorbed with sensitizer as described
previously. The method for embedding of the silica particles into the SH surfaces was also reported
previously.10

Figure 4.7. Schematic of a superhydrophobic surface with embedded sensitizer adsorbed
nanoparticles. The posts, which are ~ 1 mm tall, are printed from PDMS and the sensitizer adsorbed
nanoparticles are immediately embedded.
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